The auxin-binding protein 1 (ABP1) has been proposed to be involved in the perception of the phytohormone at the plasma membrane. Site-directed mutagenesis was performed on highly conserved residues at the C terminus of ABP1 to investigate their relative importance in protein folding and activation of a functional response at the plasma membrane. Detailed analysis of the dynamic interaction of the wild-type ABP1 and mutated proteins with three distinct monoclonal antibodies recognizing conformation-dependent epitopes was performed by surface plasmon resonance. The influence of auxin on these interactions was also investigated. The Cys 177 as well as Asp 175 and Glu 176 were identified as critical residues for ABP1 folding and action at the plasma membrane. On the contrary, the C-terminal KDEL sequence was demonstrated not to be essential for auxin binding, interaction with the plasma membrane, or activation of the transduction cascade although it does appear to be involved in the stability of ABP1. Taken together, the results confirmed that ABP1 conformational change is the critical step for initiating the signal from the plasma membrane.
Plant growth and developmental processes are controlled by the action of plant hormones among which auxin is implicated in embryogenesis, lateral root formation, vascular development, regulation of tropistic responses, maintenance of apical dominance, and senescence. At the cellular level, auxin is involved in the regulation of cell elongation, cell division, and cell differentiation. The isolation and characterization of auxinresponsive mutants have led to the identification of several genes involved in auxin transport (1) (2) (3) (4) and auxin signaling (5) (6) (7) . For example, the molecular analysis of the TIR1 and AXR1 genes has demonstrated the fundamental role of ubiquitin and ubiquitin-related pathways in auxin action. Recent molecular studies of auxin-regulated genes including the identification of transcription factors and the characterization of related Arabidopsis mutants have greatly contributed to our understanding of auxin responses (8 -11) . Nevertheless, details of the molecular mechanisms underlying auxin responses remain fragmentary.
A large number of auxin-binding proteins have been identified from soluble and membrane fractions, but their function in auxin signaling, transport, or metabolism has rarely been established (12, 13) . The auxin-binding protein 1 (ABP1), 1 initially isolated from maize coleoptiles (14, 15) , was rapidly designated as a putative auxin receptor (13, 16) . For years, the involvement of this protein in auxin action remained uncertain (17) (18) (19) . Transgenic tobacco plants conditionally overexpressing the Arabidopsis ABP1 were shown to exhibit an increased capacity for auxin-mediated cell expansion (20) . The involvement of ABP1 in the early activation of the auxin-dependent electrical response at the plasma membrane has been demonstrated by using a collection of monoclonal antibodies to the tobacco protein (21) . Despite the presence of a KDEL sequence at the C terminus of ABP1 acting as a retention signal in the endoplasmic reticulum (22, 23) , it has been shown that a fraction of ABP1 reaches the plasma membrane (21, 24) . The C-terminal domain of ABP1 has also been proposed to be implicated in the interaction with plasma membrane components. A synthetic peptide comprising the last 12 residues of the C terminus of maize ABP1 was shown to modulate the K ϩ currents of Vicia faba guard cells mimicking the effect of supraoptimal auxin concentrations (25, 26) . The C-terminal maize peptide was also shown to provoke a cytosolic pH alkalinization of Paphiopedilum tonsum L. guard cells and consequently stomatal closure (27) and to increase GTP␥S binding on microsomal fractions (28) . The same maize peptide as well as a 15-amino acid-long synthetic peptide corresponding to the C terminus of the tobacco protein and the Nt-abp1 protein itself have also been shown to induce the hyperpolarization of tobacco mesophyll protoplasts in the absence of auxin (29, 30) . The possible role of the KDEL sequence in the action of the C-terminal domain is unclear. The KDEL-truncated peptide was shown to promote GTP␥S binding (28) but was ineffective in altering cytosolic pH and stomatal closure suggesting that the C terminus is important in ABP1 function (27) .
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§ Supported by a grant from the Ministère de l'Enseignement Supérieur, de at the plasma membrane, site-directed mutagenesis was performed on highly conserved residues among ABP1 proteins. In addition to studies on the effect of each mutation in the functional assay, a detailed analysis of the dynamic interaction of the wild-type and mutated proteins with a set of mAbs recognizing distinct conformation-dependent epitopes have been performed by SPR. The influence of auxin on these interactions was also investigated. We report on the residues critical for ABP1 action at the plasma membrane. The functional assay and dynamic interaction analysis provide new insights on the structure-function relationship of ABP1.
EXPERIMENTAL PROCEDURES
Material-Tobacco plants (Nicotiana tabacum cv. xanthi) were grown from seeds in a greenhouse (22°C, 9-h photoperiod). Mesophyll protoplasts were isolated from young tobacco leaves using the procedure described by Caboche (31) .
Site-directed Mutagenesis-Mutated Nt-abp1 proteins were generated using polymerase chain reaction-based site-directed mutagenesis on the plasmid containing the cDNA sequence of Nt-abp1 (32) . All amplifications were performed using a unique 5Ј primer corresponding to the N-terminal end of Nt-abp1 and including a BamHI site 5Ј-ATA-CGGATCCATGGCTCGCCATGTTCTCGTAGTGGTAG in combination with distinct reverse primers for mutagenesis at the C terminus. A single mutation was introduced to convert Asp 174 into Asn using the primer 5Ј-ATCTTTCCACGAAGTTGTCTGATAACATTCCTCATTACC. For ABP1-NQ, the double mutation Asp 174 and Glu 175 to Asn and Gln, respectively, was performed using the primer 5Ј-ATCTTTCCACGAAG-TTGTCTGATAACATTCCTGATTACC. For ABP1-S, the Cys 157 was converted into Ser using the primer 5Ј-ATCTTTCCACGAAGTTGTCT-GATAAGATTC. The same primer was used to obtain the triple mutation of Asp 174 , Glu 175 , and Cys 157 using the ABP1-NQ sequence as a template. Another triple mutation corresponding to the conversion of Asp 174 , Glu
175
, and Cys 157 into Ala was achieved using the primer 5Ј-ATCTTTCCACGAAGTTGTCTGATAAGCTTCCGCAGCCCA.
Amplified fragments were subjected to a second round of polymerase chain reaction amplification using the reverse primer 5Ј-CGCGGATC-CTTAAAGCTCATCTTTCCACGAAGTTGT adding the last two codons, the stop codon and a BamHI site at the 3Ј end. ABP-⌬K was generated by deletion of the last 12 nucleotides encoding the C-terminal motif KDEL (Lys 184 -Asp 185 -Glu
186
-Leu 187 ) using the primer 5Ј-CGCGGAT-CCTTACCACGAAG-TTGTCTGATAACATTC. Each polymerase chain reaction amplification was performed using Taq polymerase (Promega) under the following conditions: 94°C for 3 min, then 25 cycles (94°C for 30 s, 65°C for 1 min, 72°C for 1 min) followed by 72°C for 5 min. The amplification products were cloned into pBlueScript vector. Clones of each mutated Nt-abp1 were double strand-sequenced using the ABI prism Dye Terminator kit (PerkinElmer Life Sciences) and an ABI 373A automated DNA sequencer (Applied Biosystems, Inc.). Mutated sequences were cloned in the pQE30 expression vector (Qiagen). Recombinant proteins were produced in Escherichia coli cells (M15) and purified as described previously (32) .
Monoclonal Antibodies-Isolation and initial characterization of monoclonal antibodies (mAbs) to wild-type recombinant Nt-abp1 have been reported previously (21) . Pairwise epitope mapping was conducted by SPR using both competitive binding and sandwich procedures as described (21) . Three mAbs were selected for the present work on the basis of their characteristics of interaction with ABP1: all recognize highly discontinuous epitopes, mAb12 and mAb50 are auxin antagonists on the early auxin electrical response of tobacco protoplasts and recognize non-overlapping epitopes, whereas mAb28 is hormonomimetic and overlaps with mAb12 but not with mAb50. Western blot analyses were performed as described previously (21) .
SPR Analysis-The Biacore analytical system based on surface plasmon resonance was used to characterize extensively the interaction of mAbs raised to Nt-abp1 with wild-type and mutated proteins (33) . mAb reactivity with each purified proteins was analyzed as follows. Rabbit anti-mouse (RAM) Fc affinity-purified immunoglobulins were covalently immobilized by amino linkage onto chip CM-dextran and then hybridoma supernatants of each mAb were injected for 4 min (flow 10 l/min) to reach a level of ϳ1000 resonance units. A 4-min injection of each protein followed, either in HBS buffer (25 mM Hepes, pH 7.4, 150 mM NaCl, and 0.05% Nonidet P-20) or in HBS with 5 M NAA, and dissociation was observed for 4 min after the end of injection. Regeneration of the RAM was achieved through injection of two 3-min pulses of 10 mM HCl. For kinetics analysis of protein capture by mAbs, serial 1 ⁄2 dilutions of protein from 500 to 62.5 nM concentrations were injected. The association and dissociation constants (k on and k off , respectively) were calculated using BIA224 software.
Measurement of the Electrical Response of Tobacco Protoplasts-For each experiment, about 10
4 protoplasts in suspension were incubated with different concentrations of mutated ABP1 for 5 min at room temperature. The transmembrane E m was then measured by the microelectrode technique as described previously (34, 35) . Membrane potential variations (⌬E m ) reported for each experimental condition correspond to the average of 15-20 individual measurements. Doseresponse curves were established by plotting ⌬E m values as a function of protein concentrations. For each protoplast preparation, the electrical response was investigated in response to the optimal NAA concentration of 3 ϫ 10 Ϫ6 M, and in response to 10 Ϫ9 M Nt-abp1 was shown to induce the maximal hyperpolarization (30) .
RESULTS

Site-directed Mutagenesis at the C Terminus of Nt-abp1-
The comparison of ABP1 C-terminal domains isolated from different species has defined a consensus sequence composed of strictly conserved residues (Table I ). This consensus corresponds to 8 of the last 15 residues at the C terminus of ABP1, including Trp 173 , Asp 174 , Glu 175 , the third cysteine (Cys 177 ), and the C-terminal tetrapeptide KDEL (Lys 184 -Asp 185 -Glu 186 -Leu 187 ). Given the intrinsic activity of the ABP1 Cterminal domain in the hyperpolarization of tobacco mesophyll protoplasts (30), we used site-directed mutagenesis of highly conserved residues to analyze their relative importance in the activation of the response. Single and multiple mutations were introduced on conserved residues as indicated in Table I . The Asp and Glu residues were converted into their corresponding amine, whereas the cysteine was converted into serine to remove the -SH group. A more drastic change was introduced by mutation of these 3 residues into Ala. To address in more detail the possible role of the KDEL sequence, a truncated protein was also constructed by deletion of the last 4 amino acids. After mutagenesis and systematic sequencing, the different proteins were produced in E. coli and purified as described previously (32) for further characterization. The immunoblot presented in Fig. 1 shows that mAb12, a monoclonal antibody to Nt-abp1 (21), recognized each protein. Deletion of the KDEL sequence corresponds to a decrease of 557 Da, which can be seen on the Western blot. In the case of ABP1-NQES, the protein has migrated slightly less than the wild-type protein. This reflects the charge modification introduced by mutation of the two acidic residues (Asp and Glu) into their corresponding amines (Asn and Gln) hence altering their interaction with SDS.
Dynamic Interaction of WT and Mutated Nt-abp1 with mAbs-We have previously characterized a set of monoclonal antibodies to Nt-abp1 and their interaction with the wild-type protein.
Most of these mAbs were demonstrated to recognize conformational epitopes (21) . Surface plasmon resonance was used to follow the dynamic interaction of each mutated protein with three distinct mAbs to Nt-abp1. Fig. 2 illustrates a selection of sensorgrams showing interaction of wild-type Nt-abp1, ABP1-⌬KDEL, and ABP1-NQES with mAbs 12, 28, and 50, respectively. Each sensorgram corresponds to the capture of the injected ABP1 (WT or mutated) at 0.25 mM on the immobilized mAb indicated. ABP1-NQES showed much lower association with each mAb than the WT and ABP1-⌬KDEL proteins. However, the association observed for ABP1-NQES, albeit low, was relatively stable. Analysis of the sensorgrams suggests that the deletion of the C-terminal KDEL tetrapeptide did not strongly affect the binding of the protein to the different mAbs but that the interaction was less stable, in particular with mAb50. To study more precisely these interactions, kinetic constants were calculated on the basis of a series of sensorgrams obtained with a whole range of concentrations of injected protein. Values of k on , k off , and deduced K d are plotted in Table II . Analysis of association and dissociation kinetics confirmed the high affinity of the mAbs for the wild-type Ntabp1 with a K d value in the nanomolar range. Although drastic changes of K d values were observed for the two mutated proteins, association and dissociation constants are more informative. For example, the increased K d values calculated for the interaction of ABP1-NQES with mAb28 and mAb50 resulted mainly from a severe decrease in the association constant by a factor of 32 and 90, respectively. On the contrary, the increased K d value for the interaction of ABP1-⌬KDEL with mAb50 resulted mainly from an increased dissociation by a factor of 10, whereas the association is decreased by only 4.8. Interactions of the mutated proteins with mAb12 were less affected by the modifications introduced within the sequences than for the other antibodies. Interestingly, the reduction of the association constant of ABP1-NQES with mAb12 is counteracted by an increase in the stability of the interaction. Functional Assay of Mutated Forms of ABP1-To determine if the different mutations generated in ABP1 were able to modify the ability of the protein to activate the electrical response of tobacco protoplasts, we examined the effect of each mutated protein in this assay. The effects of single and multiple mutations are illustrated in Figs. 3 and 4 . Addition of ABP1-N to tobacco mesophyll protoplasts was able to induce a membrane hyperpolarization but with a reduced efficiency compared with the WT protein (Fig. 3) . The mutated protein containing a Ser 177 instead of Cys was unable to induce an electrical response (Fig. 3) , nor were ABP1-NQES (Fig. 4) and ABP1-AAEA (not shown). An absence of signal was also observed using the ABP1-NQ protein carrying the double mutation changing the two acidic residues into amines (not shown). These mutations correspond to an important change in the charge of the C-terminal domain of the protein resulting from the removal of the two negative charges of the aspartic and glutamic acids. The membrane hyperpolarization of tobacco mesophyll protoplasts induced by ABP1-⌬KDEL is similar to and over (Fig. 4) . The deletion of the KDEL sequence has no effect on the capacity of the protein to activate the electrical response when acting at the plasma membrane.
Influence of Auxin on the Dynamic Interaction of ABP1 with mAbs-The Nt-abp1-induced electrical membrane response was demonstrated previously (30) to be related to the biological activity of auxin at the plasma membrane, both sharing the same pathway. We have already reported evidence (21) suggesting that the activation of the auxin signal transduction cascade results from conformational change of Nt-abp1 in response to specific stimuli. To understand better the relationship between the conformation of the protein and its ability to induce a response, we have studied the interaction of the mutated forms of ABP1 with the series of mAbs in the presence of auxin. Sensorgrams and related kinetic parameters describing the interaction of wild-type ABP1, ABP1-NQES, and ABP1-⌬KDEL with mAbs 12, 28, and 50 in the presence of 5 M NAA are presented in Fig. 5 and Table III , respectively. The curve corresponding to the interaction of the WT protein in the absence of auxin with each mAb has been plotted as a reference on each group of sensorgrams (gray curve). The interaction of Nt-abp1 with mAb12 was not modified by the addition of auxin. On the contrary, the capture of Nt-abp1 in the presence of auxin by mAb28 and mAb50 was strongly reduced as confirmed by the association constants that were decreased by a factor of 5 and 118, respectively. However, the dissociation phase was much less affected. A slight increase of 2-fold was measured for the k off value for the interaction of Nt-abp1 with mAb28, whereas for mAb50 the dissociation constants with and without auxin were identical. These two mAbs recognize highly conformation-dependent epitopes that appear to be less accessible when the protein has bound auxin.
The interaction of mAbs with mutated ABP1 in the presence of auxin was significantly altered compared with the wild-type protein. Deletion of the KDEL tetrapeptide affected the stability of the interaction with all mAbs. The most severe dissociation was observed with mAb50 with an increase in k off up to 72.5 ϫ 10 Ϫ4 s Ϫ1 compared with the wild-type protein (1.82 ϫ 10 Ϫ4 s Ϫ1 ) and the protein in the absence of auxin k off 18 ϫ 10 Ϫ4 s Ϫ1 (Table II) . The mutation carried by ABP1-⌬KDEL destabilizes the interaction with the antibodies, and this effect is amplified in the presence of auxin. However, the auxin effect observed on the association of the wild-type protein with the different mAbs is maintained with ABP1-⌬KDEL. Indeed, the interaction of ABP1-⌬KDEL with mAb12 is not changed in the presence of auxin, whereas a marked reduction in its capture with the two other mAbs was observed. This suggests that the deletion of the KDEL sequence does not inhibit the binding of auxin to the protein.
As shown in Fig. 2 , the triple mutation introduced on ABP1-NQES strongly decreases the association of the protein with mAbs. Auxin has no marked effect on the interaction of this ABP1-NQES with the different mAbs (Fig. 5) . However, calculation of kinetic constants revealed an attenuation of the strength of its interaction with mAb28 and a slight modification of both the association and the dissociation with mAb50. The effect of auxin on the interaction of ABP1-NQES with the mAbs is severely decreased by the NQES mutation suggesting that this protein has lost the capacity to interact with auxin.
DISCUSSION
Monoclonal Antibodies to Nt-abp1 Are Markers for Protein
Conformation-We have investigated whether 3 mAbs, each exhibiting distinct characteristics of interaction with Nt-abp1 (21), could detect changes induced by auxin binding. Our primary aim was thereby to evaluate their suitability as sensors of ABP1 conformation. Auxin was demonstrated by circular dichroism spectroscopy measurements (15) to induce a conformational change of ABP1. These data were also supported by enzyme-liked immunosorbent assay experiments (36) and more recently by structural analyses (37) . A change in mAb and ABP1 interaction after auxin binding reflects an alteration of mAb accessibility to its epitope which results either from a stearic hindrance due to the auxin molecule or from the intrinsic conformational change of ABP1 following auxin binding. The monoclonal antibody mAb12 recognizes a discontinuous epitope formed by the assembly of boxes A and C (both proposed to be involved in the auxin-binding site) and the Cterminal domain of ABP1 and is a strong auxin antagonist for the electrical response of tobacco protoplasts. The interaction of mAb12 with Nt-abp1 is not significantly affected by auxin (Fig.  5) . Either the accessibility of mAb12 to the epitope is not modified in the presence of auxin, despite the involvement of domains A and C in auxin binding, or the interaction of mAb12 with each sub-domain of the epitope is strong enough to assemble them and reconstitute the optimal structure. The mAb28 recognizes a highly discontinuous epitope overlapping the one of mAb12 and is hormonomimetic toward the auxin electrical response. The interaction of mAb28 with Nt-abp1 is weakened in the presence of auxin. As mAb28 mimics the auxin effect on the electrical response, it was proposed that the binding of this mAb to the protein generated a conformational change in Ntabp1 similar to the one induced by auxin (21) . When this change has already occurred, via auxin binding, the accessibility to the mAb28 epitope is reduced as revealed by the kinetic data of the interaction (Tables II and III) . In this case, the alteration could result either from direct hindrance with auxin or from the conformational change of ABP1. mAb50 also recognizes a highly discontinuous epitope, does not recognize nonfolded ABP1, and does not overlap with mAb12 and mAb28 and is therefore distant from boxes A and C involved in the auxinbinding site (data not shown). These characteristics taken together with the severe reduction of mAb50 association to Nt-abp1 in the presence of auxin (Tables I and II and Fig. 5) show that the decrease in the accessibility to the epitope results from the conformational change induced either by auxin binding or by interaction with the hormonomimetic mAb28 and not from stearic hindrance. Knowing that mAb50 is an IgG3, it is likely that mAb50 interacts with a cryptotope less accessible than an epitope mapped at the surface.
On the basis of kinetic data, the population of Nt-abp1 injected on the sensorchip in the presence of auxin was homogenous indicating that the whole population has been modified by auxin binding. These mAbs that recognize conformationdependent epitopes are able to discriminate between ABP1 and ABP1 which has bound auxin, and at least one of them (mAb50) reveals genuine conformational changes. As such they appear to be highly sensitive markers of probing Ntabp1 conformation.
Relative Importance of the C-terminal KDEL Tetrapeptide on ABP1-The KDEL tetrapeptide located at the C terminus of ABP1 is known to act as a retention signal in the lumen of the endoplasmic reticulum. However, it has been demonstrated that at least part of the protein reaches the plasma membrane and is involved in auxin signaling at the outer face of the membrane (21) . The mechanism controlling the targeting of the protein to the plasma membrane is not yet known. To determine whether the KDEL sequence is necessary for the interaction of Nt-abp1 with the plasma membrane, we have constructed a truncated protein with no KDEL at the C terminus, and we have checked the ability of this mutated protein to induce a hyperpolarization of tobacco protoplasts as reported for the wild-type protein (30) . This protein, termed ABP1-⌬KDEL, induced the hyperpolarization of tobacco protoplasts with the same efficiency as the wild-type protein demonstrating that the KDEL sequence is not required for the interaction with the plasma membrane and the activation of the electrical response (Fig. 4) .
The dynamic interaction of ABP1-⌬KDEL with the different mAbs, studied by SPR, was altered compared with the wild type. In each case, the interaction was less stable. The strongest destabilization was observed with mAb50 which is the most responsive to conformational changes of ABP1. mAbs to Nt-abp1 detected more subtle conformational changes than the functional assay at least when combined with the Biacore analysis. It has been reported that addition of a KDEL sequence even to soluble and cytosolic proteins increased their stability (38) . The decrease of the interaction stability suggests that the C-terminal KDEL sequence could play a role in the stabilization of ABP1 folding.
As for the wild-type protein, a conformational change was also observed with ABP1-⌬KDEL in the presence of auxin 
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suggesting that the truncated protein was still able to bind auxin and to adopt the corresponding conformation. Again the interaction was unstable indicating that the stabilization effect of the KDEL sequence occurs in both conformations (with and without auxin). These data confirm that the KDEL sequence may act to stabilize the protein but is not essential for ABP1 activity, including auxin binding and interaction with the plasma membrane.
Critical Residues at the C-terminal Domain of ABP1 for Its Action at the Plasma Membrane-In addition to the KDEL sequence, the C-terminal domain of ABP1 contains three highly conserved residues, namely Asp 174 , Glu 175 , and Cys 177 . By using synthetic peptides corresponding to the last 12 or 15 C-terminal amino acids of Nt-abp1, we have suggested previously (30) that the two acidic residues could play an important role in the activation of the electrical response of tobacco protoplasts. To overcome the difficulties inherent in the use of short synthetic peptides instead of full-length proteins, we have introduced single or multiple mutations on these residues to determine their importance in the protein as a whole. Proteins carrying such mutations showed distinct effects on the electrical response of tobacco protoplasts. In particular, the electrical response was abolished in the case of ABP1-NQ in which Asp 175 and Glu 176 have been converted into their corresponding amine (not shown). The suppression of the two negative charges of the acidic residues was responsible for the functional inactivation of the protein. Conversely, the mutation of only one of these residues still produced a response, although weaker than using the wild-type protein. These results suggest that the negative charges upstream of Cys 177 are important either for the interaction of the protein with the plasma membrane or for the folding of the protein.
The absence of activity of the protein carrying the mutation of the Cys 177 into Ser is consistent with the idea that Cys 177 is involved in a disulfide bridge that is essential for ABP1 activity at the plasma membrane. We have shown that the C-terminal domain of the protein is associated with the boxes A and C of ABP1 (21) (boxes proposed to be responsible for auxin binding), suggesting the possible interaction of Cys 82 from box A with Cys 177 and the formation of a disulfide bridge that could stabilize the protein in a functional conformation. Our data reinforce the importance of the Cys 177 at the C terminus of ABP1. In the future, site-directed mutagenesis on the two other cysteines will help to demonstrate which of them is involved together with Cys 177 in the disulfide bridge corresponding to the functional folding of Nt-abp1.
Our working hypothesis is that the two negative charges coming from Asp 174 and Glu 175 are necessary for the folding of the protein and the formation of the disulfide bridge involving Cys 177 . In the absence of these charges, the electrostatic proximity of interacting domains would not be possible, resulting in the formation of an inactive protein. Proteins carrying the triple mutations -NQES (or -AAEA, not shown) were also unable to generate a hyperpolarization of tobacco protoplasts, confirming the absence of effect recorded with single and double mutations. The loss of functional response results from an alteration in folding which contributes to a loss of the interaction with the plasma membrane or to an inability of the protein to adopt the conformation promoting the activation of the response. An alteration in folding is confirmed by the SPR data that showed that each mAb recognized less efficiently ABP1-NQES than the wild-type protein and that the interaction is not modified by the presence of auxin. Similarly, the interaction of the mAbs with the wild-type protein treated with reducing agents is also unaffected (not shown) suggesting a loss of auxin binding. It has been reported previously (39, 40) that auxin binding was reversibly inactivated by reducing agents revealing the presence of a reducible group essential for auxin binding activity. Taken together, these experiments all suggest that the introduced mutations lead to an irreversible loss of auxin binding which is correlated to an inadequate and inactive conformation of the protein.
Conformational Change of Nt-abp1 in Relation to the Functional Response at the Plasma Membrane-The activation of the electrical response of tobacco protoplasts by exogenous ABP1, in the absence of auxin, has been demonstrated to be related to the auxin electrical response (30) . We have reported previously (21) that the activation of the auxin-dependent electrical response results also from a conformational change of the protein after either auxin binding or interaction with an hormonomimetic antibody responsible for a modification of the interaction with the plasma membrane. In addition to the identification of important residues for the folding and activity of the protein, the study of mutated proteins supports the idea that the conformation adopted by the exogenous ABP1 influences the effect generated at the plasma membrane. It is possible that the added ABP1 could interact with plasma membrane components and consequently generates the response. However, it has been shown that low amounts of ABP1 present at the plasma membrane do not induce such response in the absence of auxin. An alternative explanation is that the added ABP1 also interacts with existing ABP1, the latter proteinprotein interaction generating a conformational change of the protein similar to the one induced by auxin binding. Increased amount of ABP1 at the surface of tobacco protoplasts could force the formation of multimers, modifying the dynamic interaction with the plasma membrane. This could explain the shape of the curves where the hyperpolarization is maintained for increasing concentrations of functional ABP1.
In conclusion, we have identified residues critical for ABP1 folding and activity at the plasma membrane. Furthermore, we demonstrated that the C-terminal KDEL sequence is important for the stability of the protein but not necessary for auxin binding, interaction with the plasma membrane, or activation of the transduction cascade. We have confirmed that ABP1 conformational change is the critical step for propagating the signal. All the data also suggest that the activation of the auxin signal transduction cascade does not require a highly stable interaction of activated ABP1 with the plasma membrane. A transient change of ABP1 conformation and subsequent modification of the interaction with membrane components could be sufficient to initiate the biological signal as it has been reported for animal receptor systems (41, 42) .
